Freezing of water-rich materials inevitably leads to changes in volume and thermal stresses. Determining and modeling the thermal stresses require the mechanical properties of the food material to be properly measured or predicted during freezing. This paper investigated mechanical properties such as the Young's modulus and Poisson's ratio in chicken nugget crust and crumb samples at the different freezing temperatures (-20, -30, and -40°C). Mechanical properties were measured by compression tests at seven nugget-center temperatures and a continuous video capturing method during the freezing process. Results showed that ice formation led to a sharp increase in the Young's modulus of samples, however, a gradual decrease in Poisson's ratio values was observed as the nuggets' center temperature approached the freezing point. Therefore, the greatest changes were observed at the freezing point. Kinetic and fitting equations were used to model the Young's modulus, and the Arrhenius equation was used to describe the temperature dependence. The predicted values by the models were found in close agreement with the experimental results.
Introduction
Freezing is an important refrigeration process widely used in food preservation. [1] Depending on different factors, protein denaturation and textural defects might arise during the freezing process. [2] Freezing may cause severe changes in the macroscopic properties of food products including dramatic textural changes due to cryoconcentration and mechanical stresses. [3] Textural changes during freezing may ultimately lead to qualitative deterioration of food products. [4] Investigation of the mechanical properties of solid foods with large deformation is an important aspect of the food science, engineering, and technology. [5] Moreover, investigation of the mechanical properties of frozen foods is a very attractive and challenging area. When foods or other biomaterials are frozen, the expansion associated with phase changes and the subsequent contraction due to further cooling create mechanical stresses that may lead to deformation, large-scale cracking, or micro-structural damages. [6] Many studies have been reported on the measurement and prediction of mechanical and fracture properties of various kinds of foods. [7] [8] [9] [10] [11] One aspect that has been relatively neglected in food freezing research is the prediction of freezing-induced stresses and cracking that depend on the measurement of certain physical properties such as Young's modulus, Poisson's ratio, porosity, density, and water content. These factors exhibit gradual changes as a result of gradual phase changes, which make their measurement difficult due to the interactions between the mechanical properties and the ice-water transition. [12] Nevertheless, any theoretical treatment of the subject needs to take into account such gradual and slight changes in the relevant mechanical properties.
McKellar et al. [6] assumed that mechanical properties are a function of the frozen fraction. They used a number of theoretical equations to relate the modulus to the frozen fraction, but none showed corresponding relations with their experimental data. They, therefore, used an empirical equation which gave a good fit in the range between -20°C and the freezing point. By measuring the values of Young's modulus and Poisson's ratio of potato before and after freezing, Shi et al. [13] [14] observed that the mechanical properties of biomaterials containing large amounts of water change significantly during freezing. When the temperature of potato (with a water content of about 75%) was reduced from 0 to -20°C, its modulus increased by two orders of magnitude. In their experiments, they recorded Poisson's ratio of 0.42 and 0.33 before and after freezing, respectively.
Kim and Hung [15] measured 10 physical properties for 22 different materials at room temperature and at -20°C. They found that not only the moisture content but also a combination of several properties contribute to changes in mechanical properties such as Poisson's ratio and Young's modulus. Tremeac et al. [12] used the tensile test to determine the Young's modulus, Poisson's ratio, and bulk modulus of two different materials (chocolate and tylose) at two different temperatures above and below the freezing point. Young's modulus was found to remain constant before freezing but increased rapidly after freezing. The unfrozen tylose had a higher Poisson's ratio than the partially frozen one. In the case of chocolate, the variation in Poisson's ratio with changes in temperature was observed to be negligible.
Freezing induces textural damage in foods, especially in two-component food products such as chicken nuggets. Our literature review presented above indicates that the mechanical properties such as Young's modulus and Poisson's ratio pose challenges to model the stresses and strains caused by freezing. To our knowledge, no previous research has been reported on the evolution and prediction of the Young's modulus and Poisson's ratio in two-component foods during freezing. The present study mainly focused on the effects of freezing on the mechanical properties of chicken nuggets as a two-component food. Young's modulus and Poisson's ratio of chicken nugget crust and crumb were evaluated at different temperatures during freezing. Also, the effects of temperature and ice formation on the Young's modulus of chicken nugget crumb and crust were investigated. Finally, equations were developed to predict the values of Young's modulus during the freezing of chicken nuggets.
Materials and methods

Sample preparation
The fresh pre-fried chicken nuggets were provided by a ready-to-eat products supplier (Paplos Co., Isfahan, Iran). The chicken nuggets were received in cylindrical shape, 4 × 2.2 cm in size, and 20 g in weight. Moreover, cylindrical samples of 4.35 × 1.24 cm were prepared with the same composition as that of the nugget crust. All the samples were then pre-fried at 180°C for 100 s and stored in polyethylene bags at 4 ± 1°C. Before experiments, the samples were removed from the refrigerator and allowed to warm to room temperature. Crumb samples, 3.44 × 1.67 cm in size, were obtained by separating the whole crust of each sample. Table 1 presents the properties of the samples used in the experiments. The porosity of each sample was determined as the difference between its real and apparent density.
Freezing
Crumb and crust samples were frozen in an air-blast freezer (Grouc, P500, Iran) operated at -20, -30, and -40°C with an air velocity of 1.5 m/s. Three replications were performed for each experiment. Seven samples were placed in the freezer and the center temperature of one sample was monitored using a K-type thermocouple (copper vs. constantan). At target temperatures of 9, 0, -3, -3.5, -5, -10, and -15°C for the nugget crumb and 9, 0, -5, -10, -15, -20, and -25°C for the nugget crust, one sample was removed from the tunnel and immediately subjected to texture analysis.
Instrumental textural analysis
Texture analysis (TA) was carried out to measure the Young's modulus and Poisson's ratio of the chicken nugget crumb and crust samples using a texture analyzer (model TA-XT2 Stable Microsystems, Ltd., Surrey, UK) equipped with a 500 N load cell. Compression tests were carried out using a 5 cm cylindrical probe, which compressed the samples at a rate of 20 mm/min. Poisson's ratio was measured using a video image acquisition device (Canon, Tokyo, Japan) with a resolution of 600 dpi. An image analysis software (Image J, W. Rasband, National Institutes of Health, Bethesda, USA) was used to assess the cross-section compaction of the samples during the compression test. Axial strain was measured by the texture analyzer, and transverse strain was obtained by image analysis. Poisson's ratio, ν, was calculated using Eq. (1):
where ε y and ε z represent strains in the radial and axial directions, respectively. [16] Figure 1 illustrates the procedure used for measuring the Poisson's ratio of a cylindrical sample exposed to the uniaxial compression test. For each specified freezing temperature, three samples were used to measure the Young's modulus. The mean value for each measured parameter was reported.
Statistical analysis
The experiments were performed in a completely randomized design with three replications. Analysis of variance was carried out using the SAS statistical software, release 6.12 (SAS Institute, Cray, NC, USA). The least significant difference (LSD) test was performed on the treatment means data (p < 0.05). Figure 2 presents the temperature profiles of three different freezing conditions for nugget crumb and crust samples. Starting with an initial temperature of about 20°C, the product temperature was gradually decreased as the latent heat of water crystallization was removed from the product to ultimately reach the freezer temperature. As can be seen, the freezing point of the crumb samples was about -2.8°C, whereas that of the crust was about -18°C. This difference is due to the different moisture contents of the two products.
Results and discussion
Temperature profile
Poisson's ratio
Poisson's ratio is defined as the ratio of lateral to axial strain, indicating material expansion perpendicular to the compression direction. [15] In this experiment, no significant differences were observed between the nugget crumb and crust samples with respect to their Poisson's ratio values at the freezing temperatures (-20, -30, and -40°C). Hence, only the changes observed in the mean Poisson's ratios of the crumb and crust samples during freezing at different temperatures are reported in Figure 3 first mention Based on the results, a gradual and significant decrease occurred in Poisson's ratio as the nugget-center temperature approached the freezing point; the greatest changes were ultimately observed at the freezing point. Finally, it was observed that frozen samples have exhibited lower values of Poisson's ratio than the nonfrozen samples. This could be explained by the lower values of Poisson's ratio in crystalline materials such as ice. [17] Tremeac et al. [12] observed significant differences between the values of Poisson's ratio in tylose gel before and after freezing; however, no differences between the unfrozen and frozen zones were reported. They also demonstrated that Poisson's ratio did not vary with temperature in chocolate. The higher Poisson ratio of crumb, compared with that of crust, may be attributed to the greater porosity of the crust. Porosity represents the percentage of the void spaces in a food material. The larger the void spaces, the greater amount of axial strain instead of lateral strain. [15] Kim and Hung [15] revealed that Poisson's ratio have a wide range of values depending on the type of food. They reported that the Poisson's ratio of meat products was in the range of 0.05 to 0.4. Shi et al. [14] used a Poisson's ratio of 0.42 for unfrozen potato and 0.33 for its fully frozen counterpart. The values recorded in the present study for Poisson's ratio ranged from 0.37 at 9°C to 0.11 at -15°C for the nugget crumb samples, while the value ranged from 0.26 at 9°C to 0.07 at -25°C in the case of the nugget crust samples. 
Young's modulus
The compression tests revealed no significant differences among the freezing temperatures of -20, -30, and -40°C in the values of Young's modulus measured in either chicken nugget crumb or crust samples. Thus, Figs. 4a and 4bFigure 4 first mention present only the mean values of Young's modulus for both samples during the freezing process. As can be seen, the measured values of Young's modulus increased with reducing the nugget center temperature. There were no significant differences in the crust and crumb samples at nugget center temperatures above the freezing point; beyond the freezing point, however, the differences became significant. Figures  4a and 4b also indicate that the values of Young's modulus in the frozen samples rose sharply by 2 to 3 orders of magnitude compared with those for the non-frozen samples after ice crystal formation beyond the freezing point. This finding is in agreement with those reported by other researchers. [12, 19, 20] Young's modulus shows a negative trend with increasing the moisture content, which may explain the higher value of Young's modulus observed for the nugget crust. [21] It seems that both the temperature decline and ice formation are responsible for enhancements in Young's modulus. The enhancement observed after the ice crystals' formation might be due to the fact that ice dendrites start to fuse into a lattice at sub-freezing temperatures. [19] In the present work, the freezing point depression equation proposed by Schwatzberg [22] was used to calculate the mass fraction of the ice below the freezing point.
where T and x were temperature (K) and mass fraction (kg/kg product), respectively, and subscripts i, tw, b, and f were ice, total water, bound water (unfrozen at -40°C), and freezing point, respectively. In a recent study, Young's modulus was modeled as a function of storage time for persimmon's cultivars. [23] In this research, the Young's modulus values were calculated for the nugget crumb samples as a function of the temperature and the mass fraction of ice as described in the following lines. In the first procedure, since the Young's modulus is a function of both temperature and the ice fraction, the experimental values of Young's modulus above the freezing point were fitted to a second-order polynomial Eq. (3):
where a = 0.003, b = 0.100, and c = 3.560. The effect of the ice fraction was then determined by subtracting the extrapolated values using Eq. (3) below the freezing point from experimental values of the Young's modulus. Figure 5 shows the effects of the ice fraction and temperature on Young's modulus. The influence of the ice fraction on Young's modulus was described using the following equation:
where k = 8.55 and E max = 9.7. Finally, the total values of the Young's modulus containing the effects of the temperature and the ice fraction could be calculated using the following equation:
In the second procedure, an equation was developed by fitting the experimental data in MATLAB surface fitting tool software, as shown in Eqs. (6) and (7) for the nugget crumb and crust samples, respectively:
The temperature dependence of the mean values of Young's modulus at each freezing temperature (i.e., -20, -30, and -40°C) was modeled using the Arrhenius equation as follows:
where E a (activation energy, kJ/mol) was equal to 4729.25 for the nugget crumb samples and 3160.98 for the nugget crust ones, E 0 (the pre-exponential factor) was equal to 0.66 for the nugget crumb samples and 17.29 for the nugget crust ones, R was the universal gas constant (8.314 J/mol K), and finally T was the absolute temperature (K). Figure 6 compares the theoretical values of Young's modulus obtained from Eq. (8) with the experimental results during freezing of nugget crumb. As can be seen, the predicted values of Young's modulus were in agreement with experimental data.
Conclusion
In this paper, the compression test was employed to characterize the mechanical properties of the chicken nugget crumb and crust samples during freezing at different temperatures (-20, -30, and -40°C). It was found that: (i) the effects of phase transition on the rigidity and Poisson's ratio were significant in both types of samples; (ii) Young's modulus increased sharply below the freezing point while Poisson's ratio decreased gradually with reducing temperature, with the greatest decrease observed below the freezing point, and (iii) the nugget crust samples exhibited a higher Young's modulus but a lower Poisson's ratio because of its lower moisture content and higher porosity. Finally, the data were fitted to the appropriate equations to represent the effects of the ice fraction and temperature on the Young's modulus. The findings of this study may be used in modeling the mechanical phenomena during the freezing of two-component foods. 
